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CONTROL SYSTEMS

By Leonard Sternfield

INTRODUCI!ION

One of the primary &f ense weapons of our country’s air-clefqse sys-
temw5Jl be the manned sJJ.-weatherinterceptor, which is to be capable of
f- at supersonic.speeds aniLof operation to an ~ti~e of 60,000 feet.
= * at- p-e of the titerceptor’s fission, which is started as
soon as the interceptor estabMshes contact with the target, the radar
continuously furnishes target data such as range and.azimuth and eleva-
tion angles to the ftie-control ccmputer. These measured data are pro-
cessed by the fire-control computer to obtain coxmnandsignals to deflect
the airplane’s control surfaces. W order for the interceptor to maneu-
ver toward the target, it must roll to turn. It is, therefore, necessary
to incorporate an effective roll control system in the automatic guidance
or tracking system of such airplanes. As part of a general investigation
of the problems of automatic control of interceptors, theoretical studies
of roll.control systems sre being conducted in”the Langley stability
analysis section. The purpose of this paper is to present the preliminary
results of a theoretical investigation concerned with two different types
of roll.control systems.

DIS&JSSION

Several recent design studies (ref. 1, for instance) for both longi-
tudinal and lateral automatic-control systems have considered different
types of compensating networks. The purpose of a compensating network is
to cancel the effect of either one or more of the aiqilane’s modes of
motion from the r-esponseof the airplane to a comnand input. For example,
the long-period longitudinal oscillation, the phugoid, may be canceled
by a ccmrpensatingnetwork designed for an attitude control system, or the
Dutch roll.oscillation may be canceled by a compensating network designed
for a lateral control system. A generel study of compensating networks
was undertaken by Windsor L. Sherman of the Langley stability analysis
section and the first network studied was one designed to cancel the
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effect of the airplane dynad.cs, that is, all the
from the response of the airplsne in roll. Thus,
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lateral modes of motion,
the first me of roll

control system to be discussed is referred to as-a compensating network
sy@x3n. In waler to accomplish this cancellation, the compensating net-
work is so designed that its transfer function is the inverse of the

.

transfer function of the airplaue.

FQure 1 shows a block diagrsm of one type of compensating network
incorporated in a roll control system. This system corresponds to 8 veloc-
ity camnand system that could control any one of a nuniberof positi.oml
quantities such as the raik tracldng error, aiiplane attitude, or, as in
this case, contro133ng bank angle. An error in bank angle is immediately
changed to a cmmmnd in rolling velocity which passes through an integra-
tor Into the compensating network where H(p) is the airplane’s transfer
function of rolling W1OCIG due to an aileron deflection. The equation
for H(p) is given in figure 1. The output of the compensating network
is fed into a hydraulic servomotor represented by a first-order time
lag l/(l+TP) and results in an aileron deflection which causes the alr-
pl.aneto roll. It is seen that the compensating network is so designed
that its transfer functioriimludes the inverse of the airplanes’s trans-
fer function H(p). As would be expected, the closed-loop transfer func-

t~~ ~o/~i of this system, presented Lu figure 1, is solely a function

of the gains KE and K1 and the time constant T and does not include

the Edx@ane dynsmics. The type of motion obtained for the aileron can
be detemined from the transfer function of 5a/qi which is a product of

two factors, the first being the closed-loop transfer function and the
second, the tiverse transfer functiti of the atrplane where the denomin-
ator very closely represents the characteristics of one degree of freedom
of the airplane in yaw. The aileron motion would, therefore, be a damped
oscill.atmy motion, oscillating at a frequency which is approximately the
aiz@ane’s natural freqwncy, and the dsmping of the oscillation is a
direct function of the damphg-in-yaw derivati= ~. Also, the motion

in sideslip has the same period-dsmping relation as the aileron motion.
However, the Dutch rolJ.oscillation in the sidesli.psnd aileron motions
‘could be greatly reduced by using an automatic:control system regulating
SideSlip and yawing velocity. Figure 2 shows the response in bank due to
a step 4nput cqmm+nd of 60°. Themotion, corresponding to the closed-
loop transfer function presented in figure 1, has good response charac-
teristics and excellent stabili~.

With the compensating network just descfibed, it appears obvious
that the airplane dynmics could be eliminated from the motion in bank
for a conmand input. .There are, however, several problems of interest
which were investigated. Tb transfer-function analysis of the system
resulting in the expression shown in figure 1 assumes that the system is
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Mnear . The question arises as to how well the system behaves if non-
linearities of the type represented by limiting the maximum control deflec-
tion and maximum rate of control deflection are taken into account. Another
problem directly relmted to compensating networks is the possibility of
incomplete compensation occurring;-thatis, the transfer function of the
compensating network will ncrtcancel the alrphne’s tramfer function.
Incomplete compensationmaybe causedby designing a compensating network
based on inaccurate estimates of the stability derivatives so that the
airplane’s transfer functioninthe c6mpensathg networkis not the exact
inverse of the true airplm.e’s tmmsf= -Ction, or ~mle~ cw==-
tion maybe due to the fact that the airplane assumes a flight cotition
different frm the one for which the compensating network was designed.
.-l$iso,one is concerned not only with knowing how well the compensating
network behaves as a comnsnd system but of equal importance one must
determine the ability of the compensating network to stabilAze the air-
plane motion if the airplane is disturbed by a gust.

Figure 3 illustrates the effect of limits in the velocity comsad
system. TtUE histories of the motions h bank in response to a step
imput comnand are presented. These motions as well as all subsequent
motions presented were obtained on a Reeves Electronic Analog Computer
at Project Cyclone. The flight conditions correspond to an interceptor
flying at 60,000 feet at M = 2. The upper pl?t shows the effect of lim-
iting the maximum rate of control deflection 5 yhen the maximum control
deflection 5 is Ilmited to 20°. The value of 5 for the solid-line
c- is 100°/sec, whereas the dashed-line curve corresponds to a value
of 5 of 400/see, the present requirement :or powered controh”. Although
the rise time is not affected by reducing 5, the system becomes unstable.
The @wer plot h figure 3 shows the effect of Umiting b for a value
?f 5 of 100°/sec. The solid-line curve is for the condition of
b 100°/sec and 5 . 20° and the dashed-Mne curve represents the case
of‘the limited value of b being reduced to 10°. Here again, the stabili-
ty is decreased as 5 ,isdecreased. Thus, in general, a reduction in
either the limiting value of 5 or 6 decreases the stability of the
system. ‘H the error gain is decreased, the system becanes less critical
to limiting but the response is much slower.

The other problem mentioned was the effect of small inaccuracies in
the estimation of the stability derivatives in designing the compensating
network, thereby resulting in incomplete cancellation of the airplane’s
transfer function. This problem was tivestigated by varying each deriva-
tive and several derivatives in combination. The results indicated that
small variations of most of the derivatives had little effect on the
motion. However, the esttition of the directional-stability deriva-
tive ~P was critical. FiP 4 shows the effect of inaccuratdy esti-

ma+=u %lB on the motion in bank for the velocity cmmand system. The
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so~d-~ curve is for the case of complete cance~tion where ~P = 0.28.

As &p is increased to 0.32, indicated by the dashed-Mne curve, a

slightly divergent oscillation is introduced. However, if the actual value .

of %* were less than 0.28, a motion Edmilar.to the solid-line curve

is obttid. The response for ~p =0.24 iS shown in figure 4. It

should be noted that, if rudder control is used to maintain zero sideslip
during the maneuver, the roll control system may not be sensitive to the
inaccurate estimate of ~ .

B

Calculations made for the interceptor flying at M = 1.4 at
60,000 feet, where the stabili~ derivatives corresponding to this new
flight condition are different from those corresponding to the designed
flight condition of the compensating network, show that the motion is
unstable for the velocity camnand system but stable for a velocity-plus-
acceleration comand system. Howeverj for this velocity-plus-acceleration
cmmnand system, simUar results on the effect of limiting and the inaccur-
ate estimation of C

?
were obtained as indicated for the velocity conmand

system. If a displacement command system were used, it is expected that
limiting would not have as pronounced an effect as shown in figure 3.

Thus fsr, the results presented were confined to a ccqensatiag net-
d SySteI1l.work as a comnan In order to investigate howwelJ. the velocity

conmmnd system stabilizes the airplane motion if the airplane is-disturbed

by a gust, the airplane was assumed to be disturbed from trimby step inputs
of either Cz .0.005 or ~. 0.005 which were reduced to zero at the end

of 2 seconds. Figure 5 shows the results of these calculations. It is
apparent from this figure that the Dutch roll oscillation does appear in the
motion ti, thus, the compensating network does not offer any improvement
when the airplane is disturbed by a gust. The integrator in the system,
which gives control proportional to the integal of the bank-angle error,
reduces the steady-state error to zero. Additiorml calculations indicated
that the response is improved for higher gains until limiting of 5 and 6
takes place.

The second type of-roll control system investigated by Albert A. Schy
and Ordwsy B. Gates of the Lsmgley stabili~ analysis section is a conven-
tional.attitude-control system with an integrator and rate and acceleration
feedback. A block diagram of the system is shown in figure 6. !l?heanalysis
considered three airplanes which had the characteristics shown in figure 7.
The motions presented in figure 7 are the rollinn velocity due to a step
deflection of the aileron for each of the three airplanes. It is noted
that, for airplsnes B and C, the Dutch roll-oscillation appears in the
rtil.lingmotion-whereas, for airplane A, the motion resembles the response
obtained from considering the airplane in only one degree of freedom in

-- -- -.
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.. roU.. The corresponding sideslip motions wild in sJJ cases contain the
Dutch roll characteristics. For these airplanes it was found that a yaw
damper very effectively stabilized the sideslip motion but increased the

“ steady-state sideslip angle to approximately 10. Where the coupling
between roll and sideslAp is mainly a product of inertia effect, aa in
airplane B, a relatively larger amount of yaw damping is required to elh-
inate the Dutch roll from the rolling motion, thus resulti~ in a larg~r
steady-stzitesideslip angle. -

,.

.

The results presented in the following figures indicate trends cmmmn
to SU three airplanes when eqtipped with a yaw damper snd the roll control
system outlined in the block diagrsm? The response of the airplane to a

d input was very satisfactory without the integrator if thestep-ccmman

airplane has approximatel.yneutral spiral stability. However, inana-
Iyzing the motion of the airplane after being disturbedby a gust, no
satisfactory response was obtained as the gadns of the system were varied;
however, the integrator was required inpsrticulsJ? to obtain zero steady-
state error. Ilgure 8 shows the effect of vsrying the integrator con-
stant K1 on the motion in bank when the airplane is tisturbed from trim

by a step input of cl = 0.01. As K1 is increased, the airplane returns

to its initial trimmed position much faster but, with further increase
in K1, the motion becomes osculatory and will become unstable for larger

values of the integrator constant. If, therefore, the integrator is an
essential component of the system to obtain satisfactory response and
reduces the steady-state error to zero when the airplane is disturbed by
a gUSty it is of interest to know the effect of the inte~tor on the air-
plane response to a step-camnand input. This effect is shown in figure 9.
The solid-line curve in this figure represents the type of response obtained
to a 60° bsmk-angle camnandwithout an integrator. In general, the
response is excellent. With the integrator included in the system, the
motion overshoots the comanded 60° bank angle and the response time, the
time required for the motion to reach and remain within 5 percent of the
steady-state value, is increased. This overshoot increases and the motion
becomes oscillatory as the integrator gain is increased. In an attempt to
@rove the airplane response to a step-comand input with an-integrator
present, the gsins of the system were varied in order to obtain a more
satisfactory response. First, more rate feedback was added to the system.
For comparative purposes, in the lower part of figure 9 the dashed-llne
curve is replotted and cmpared with the solid-line curve which corresponds
to a case which has double the rate feedback of the dashed-line curve. It
is noted that the peak overshoot is not reduced and the time required for
the motion to reach steady state is increased. The forwmd-loop gain was
then varied. Figure 10 shows that a marked hprovement in the camnand
response can be realized by increasing the forward-loop gain. As the gain
is increased, the overshoot is eliminated and satisfactory response is
obtained. However, furtQer increase in KE causes the airplane to respond

fester but once again introduces overshoot. This overshoot due to the

.——-— — — .—— - .— —— -- .
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forward-leap gain results fra @ufficient damping in the roll oscillation .
and can be eliminated by rate feedback. The lower part of figure 10 shows
this effect. Thus, from a linear analysis of the problem, one can deter-
mine combinations of the gains in the system which will result in a very
satisfactory response in bank.

The impo*e of taking into account the limits on control deflec-
tion and rate of control-surface deflection is shown in “figure U. AE an
example, the case which resulted in a satisfactory response in bauk that
was based on the linear analysis was selected. The soEd-line curve corres-
ponds to the case where 5 is limited to 20° and $ is Lhnited to 120°/sec.
If the mdmum rate of control deflection is reduced to @O/see, the motion
becames oscillatory with a large amount of overshoot, although the rise time
is not seriously sffected. If the United value of 8 is reduced to 5°,
the stabili~ is @roved but the rise time is much slower. I&’knowing
the maximm values of 5 and 6 for which the airp- and -ullc
servomotor are designed, the values of gain constants could be selected
to give good response in bank. For example, with limits on b of 20°
and on 6 of 400/see, the motion may be stabilized by introducing addi-
tional rate feedback into the system,(see lower pert of fig. U).

..

In figure 11, comparison of the solid-line curve in the top plot with
the solid-line curve in the lower plot indicates that the rise time for the
system with a lower limited value of 6 and the proper gain values is
slightly longer than for the higher limited value of 6 and the correspond-
ing combination of gains for an input ccmmand of 600 bank an@e. However,
for smaller input comand signals, the rise t% for lower b is appreciably
longer than the rise time obtained for higher 5. The reason is that for
smaller in~ts little limiting takes place and, thus, the system optimized
for lower b has too much dsmping which tends to slow up the response.

Where limiting causes a lightly damped oscillation in the airplane
motion, introducing acceleration feedback may have a pronounced stabil-
izing effect, particularly for airplanes that have a relatively low moment
of inert@ in roll.

CONCLUDING REMARKS

The results of the preliminary study indicate that, for both roll
control systems investigated, satisfactory response to comnand inputs is
obtained. provided the rate and physical limits of control deflection me
high. 13jG2kingaccount
control rate, the system
However, the motion will
signals as the values of

of the _ value of control displacement and
may be optimized by proper selection of the gains.
be faster for all.magnitudes of input’coman d
the limits are increased.
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If the airplane is disturbed by a gust, the integrator present in
both systems reduces the steady-state error to zero but the compensating
network does not cancel the airplane dynamics from the response.

With a compensating network system, ticomplete compensation will
result if the estimated value of ~ used in designing the network is

B
less than the actt+il

%
value of the airplane. However, if rudder

control is used to maintain zero sideslip during the mmeuver, the roll
control system may not be sensitiw to the inaccurate estimate of ~ .

P

With a conventional attitude-roll control system, the Dutch roll
oscillation present in the sideslip motion is effectively stabilized
through use of a yaw dsnrperbut the steady sidesldp angle is increased.

Lsngley Aeronautical Laboratory,
National Advisory Committee for Aeronautics,

~ey Field, Va., September 1, 1953.

1. Owen, J. C.: Report on Automatic lZlot for High Performancee Aircraft.
U.S.A.F. ExlrLbitMCREXFU-133, Contract AF-33(03!3)57CQ. Rep. No. 8,
EcUpse -Moneer Div. of BenMx Aviation Corp., Sept.-Ott. 1950,
pp. 35-50.
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Figure 1

RESPONSE IN BANK FOR STEP INPUT COMMAND
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Figure 2
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EFFECT OF UMITING CONTROL DEFLECTION A-ND
RATE OF CONTROL DEFLECTION
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Figure 3

EFFECT OF INACCURACY IN ESTIMATED Cnfl
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Figure 4
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GUST RESPONSE OF AIRPMNE WITH COMPENSATING NETWORK
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Figure 5

BLOCK DIAGRAM OF AN ATTITUDE GONTROL SYSTEM
AMPLIFIER

AND
INTEGRATOR SERVO AIRPLANE
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Figure 6
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STABILITY CHARACTERISTICS OF AIRPLANES
INCLUDED IN ANALYSIS
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Figure 7
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EFFECT OF INTEGRATOR ON REGULATORY RESPONSE
KE =1.0; KRe0.2
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Figure 8
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EFFECTOF INTEGRATORAND RATE FEEDBACK ON COMMAND RESPONSE
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EFFECT OF FORWARD-LOOP GAIN ON COMMAND RESPONSE
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Figure 10
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EFFECT OF LIMITING CONTROL DEFLECTION AND
R4TE OF CONTROL DEFLECTION

KE =3.0; K1= 1.0
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Figure Xl
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